A reduced chemical kinetic mechanism for tri-propylene glycol monomethyl ether has been developed and applied to computational fluid dynamics calculations for predicting combustion and soot formation processes. The reduced tripropylene glycol monomethyl ether mechanism was combined with a reduced n-hexadecane mechanism and a polyaromatic hydrocarbon mechanism to investigate the effect of fuel oxygenation on combustion and soot emissions. The final version of the tri-propylene glycol monomethyl ether-n-hexadecane-poly-aromatic hydrocarbon mechanism consists of 144 species and 730 reactions and was validated with experiments in shock tubes as well as in a constant-volume spray combustion vessel from the Engine Combustion Network. The effects of ambient temperature, varying oxygen content in the tested fuels on ignition delay, spray lift-off length and soot formation under diesel-like conditions were analyzed and addressed using multidimensional reacting flow simulations and the reduced mechanism. The results show that the present reduced mechanism gives reliable predictions of the combustion characteristics and soot formation processes. In the constant-volume spray combustion vessel simulations, two important trends were identified. First, increasing the initial temperature in the constant-volume spray combustion vessel shortens the ignition delay and lift-off length and reduces the fuel-air mixing, thereby increasing the soot levels. Second, fuel oxygenation introduces more oxygen into the central region of a fuel jet and reduces residence times of fuel-rich area in active soot-forming regions, thereby reducing soot levels.
Introduction
The diesel engine plays a significant role in ground transportation due to its favorable fuel economy and higher thermal efficiency compared to gasoline or gas spark-ignition engines. 1 However, despite the many advantages of the diesel engine, conventional diesels produce higher nitrogen oxides (NOx) and particulate matter (PM) because the fuel injection takes place near top dead center (TDC) with less time for mixing, resulting in a relatively rich diffusion flame and high temperatures. PM is of great interest due to its detrimental impact on human health 2 and the environment. 3 In order to meet stringent emission regulations and PM emission mandates, exhaust after-treatment such as the diesel particulate filter (DPF) is commonly used, but this system not only requires extra cost but also deteriorates fuel economy. 4 Thus, a great deal of research has been focused on reducing soot emissions from diesel engines by in-cylinder combustion control.
Leaner lifted-flame combustion (LLFC) is a promising strategy to reduce soot. LLFC involves mixingcontrolled combustion that can accomplish soot-free flames when the combustion occurs at equivalence ratios less than or equal to approximately 2. 5 Pickett and Siebers. 6 performed experiments with diesel fuel in a constant-volume combustion vessel (CVCV). They found that soot formation was related to the fuel-air mixing upstream of the high-temperature flame.
Since combustion control is affected by fuel properties, using oxygenated fuels can help enable LLFC because oxygen in the fuel changes the equivalence ratio of the fuel-air mixture. 6 Oxygenated fuels are chemical compounds containing oxygen, which can be contained in many types of functional groups (e.g. ether, carbonyl, alcohol, ester and carbonate).
A variety of oxygenated fuels have been investigated in engines to suppress soot emission. Zannis et al. 7 performed an experimental investigation to examine the effect of oxygen additive content and type in a direct injection (DI) diesel engine with blends of diglyme (DGM) and butyl-diglyme (BDGM), compared to a rapeseed methyl ester. They showed that glycol ether, which has similar molecular structure to tri-propylene glycol monomethyl ether (TPGME), is effective in reducing soot and particulate emissions in DI diesel engines. Delfort et al. 8 investigated 18 oxygenated compounds blended in a diesel reference base fuel of a concentration of 5% by volume to explore PM emissions. They noted that 5% diethyl carbonate could reduce the PM emissions by up to 17% in the New European Driving Cycle (NEDC). Mueller and Martin 9 compared dibutyl maleate (DBM) and TPGME in a diesel engine and in a constant-volume combustion chamber for soot reduction. They found, in both experimental setups, that TPGME was significantly more effective than DBM in suppressing soot. TPGME has been used in both diesel engine experiments and simulations, yielding non-sooting combustion. A chemical kinetic model for TPGME has been developed to address its high-temperature chemistry and the production of soot precursor species. Westbrook et al. 10 investigated soot reduction of n-heptane-air mixtures with various oxygenated additives, including methanol, ethanol, dimethyl ether (DME), dimethyl carbonate (DMC), methyl butanoate (MB) and TPGME. They found that the formation of soot precursor species (ethylene, acetylene, propyne, etc.) was somewhat reliant on the percentage of oxygen by weight in the overall fuel mixture. Because the TPGME mechanism used included only high temperature chemistry, it is expected that their predictions for n-heptane-TPGME mixtures in air would be valid for only small concentrations of TPGME, which would not affect the overall reactivity of the mixture.
Recently, Burke et al. 11 proposed a comprehensive chemical kinetic combustion model of TPGME with 552 species and 2712 reactions that incorporates lowto-high-temperature reaction pathways with reaction rates that describe the unique oxidation features of TPGME. Generally, TPGME is commercially produced as a mixture of eight isomers. The isomers have similar boiling points, and thus, the developed mechanism only considered one isomer because it was impractical to separate and quantify them.
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Their mechanism was validated with shock tube ignition delay times under conditions of 0.25% TPGME, j = 0.5, 1.0 and 2.0; pressures of 10 and 20 atm and temperatures of 980-1545 K. 11 Even though they showed reasonable agreement with the ignition delay experimental results, there were no experimental data to provide validation at low temperatures. Nevertheless, this TPGME mechanism provides valuable information for modeling combustion and soot formation processes of TPGME as an oxygenated fuel.
Chemical kinetic mechanisms have been used extensively in engine computational fluid dynamics (CFD) simulations to understand and to predict ignition and combustion processes. In order to simulate various fuel species, not only the accuracy of the mechanism but also its computational efficiency are important factors. Since comprehensive mechanisms have a large number of species and reactions, it is not practical to use a detailed chemical kinetic mechanism for engine simulations using CFD codes. Therefore, it is needed to develop reduced chemical reaction mechanisms by eliminating unimportant species and reaction pathways, while maintaining the essential features of the full scheme.
In addition to fuel oxidation chemistry, a reliable soot model is needed to predict the soot formation process. Vishwanathan and Reitz 12 proposed a soot modeling approach by introducing a poly-aromatic hydrocarbon (PAH) formation mechanism with the fuel chemical kinetic mechanism to provide PAH concentrations, in which pyrene (A4) was taken as the soot particle precursor. This modeling methodology was also applied in this study. Wang et al. 13 proposed a reduced PAH mechanism based on Slavinskaya et al.'s 14 detailed PAH mechanism. They revealed that the reduced mechanism showed very close results to measured species profiles of C 2 H 4 compared to the detailed one, and with soot volume fractions obtained from Engine Combustion Network (ECN) spray H experiments. 13 This reduced PAH mechanism was incorporated with the TPGME mechanism of this study to develop a reduced TPGME-n-hexadecane-PAH mechanism.
The reduced chemical kinetic mechanism for TPGME was developed starting from the detailed mechanism by Burke et al. 11 The reduced TPGME mechanism was incorporated into a base n-hexadecane mechanism, which is based on the Lawrence Livermore National Laboratory (LLNL) detailed n-hexadecane mechanism, as developed by Ra and Reitz. 15 This TPGME-n-hexadecane mechanism was then combined with the reduced PAH mechanism developed by Wang et al. 13 to formulate the present TPGME-n-hexadecane-PAH mechanism. The integrated mechanism was validated with shock tube experiments for mechanism kinetics and constant-volume combustion vessel experiments to address the effects of varying oxygenated additive contents in hydrocarbon fuels on combustion and soot formation processes.
Modeling approach

Validation experiments
In order to explore which fuel properties are most likely to enable LLFC regimes, three different fuel blends of TPGME and n-hexadecane were considered in the experiments. The fuels are named as G15, G33 and G50, where the last two numbers indicate the proportion of TPGME by the liquid blends in percent volume. The properties of the fuels are shown in Table 1 , along with the chemical structure and abbreviated names of the different fuels used.
The oxygen ratio (O) and effective C/H ratio are defined in Table 1 . The amount of oxygen in the fuel divided by the amount of oxygen required to convert all carbon and hydrogen in the fuel into products of complete stoichiometric oxidation. 17 The oxygen ratio is given by
where n C , n O and n H are the numbers of carbon, oxygen and hydrogen atoms in the molecule, respectively.
The effective H-to-C ratio accounts for carbon that is tied up with oxygen and is thus unlikely to be involved in the formation of soot. It assumes that carbon atoms tied up with oxygen atoms in the fuel cannot participate in soot formation. 18 To take partial oxidation processes into account and still deliver a comparable measure of the C/H ratio, Mueller et al. 19 proposed an effective carbon-to-hydrogen ratio (C/H) eff as
where n O-and n O= represent the single and doublebonded oxygen atoms, respectively. The experiments were performed in an optically accessible constant-volume combustion vessel to visualize the fuel injection and combustion processes of sprays and to measure key properties such as lift-off length, ignition delay and soot volume fraction. 16 In accordance with the experimental condition, the fuel injection pressure was set to 150 MPa and the injection current duration was kept constant at 4000 ms, corresponding to an actual hydraulic injection duration of approximately 6 ms. The experiments were performed at Spray A conditions. 20 Detailed information about the injection characteristics of the ECN Spray A and ambient conditions at the time of fuel injection are available on the ECN website. 20 The experimental conditions considered in this study are listed in Table 2 .
Numerical sub-models
The open source code KIVA3V release 2 21 was applied for the CFD calculations with various improved physical sub-models, including droplet break-up, droplet collision, droplet deformation, droplet vaporization and so on that are described below.
In the simulations, a hybrid spray break-up model that accounts for the effects of aerodynamics, liquid properties and nozzle flows was implemented, as developed by Beale and Reitz, 22 which is known as the Kelvin-Helmholtz (KH)-Rayleigh-Taylor (RT) model. In this model, primary break-up of the injected fuel spray parcels is initiated based on KH instability theory and secondary break-up processes are resolved by the KH-Rayleigh-Taylor (RT) model. A droplet collision model based on a radius-of-influence method 23 was implemented that includes bouncing, coalescence, reflexive separation and stretching separation to further reduce grid dependency of predictions of the collision process. Distortion of a droplet from its spherical shape, or droplet deformation, was modeled with the model of Liu et al., 24 which considers the momentum exchange between a droplet and the ambient gas and considers the relative velocity between the drop and the gas that is a governing parameter in the break-up and evaporation processes. The advanced droplet vaporization model by Ra and Reitz 25 was implemented, which considers the evaporation of spray droplets using the discrete multi-component (DMC) 25 approach under temperatures ranging from flash-boiling conditions to normal evaporation. The model uses an effective heat transfer coefficient model for the heat flux from the surrounding gas to the droplet surface, and it is valid over a wide range of temperatures. Based on Design Institute for Physical Property Research (DIPPR), 26 which maintains a database known as Project 801, the thermophysical properties required by the DMC vaporization model and the correlation for each properties were implemented into KIVA3V release 2.
The spray-wall interaction model of O'Rourke and Amsden 27 was implemented to account for effects associated with spray-wall interactions, including droplet splash, film spreading due to impingement forces and motion due to film inertia. For turbulence calculations, a generalized renormalization group (RNG) k-e model 28 was used, which includes incompressibility corrections obtained by constructing model coefficients that are functions of the flow strain rate. The multi-step soot model developed by Vishwanathan and Reitz 29 was applied to predict soot formation and oxidation processes. The model considers C 2 H 2 -assisted surface growth, soot coagulation, soot oxidation by OH radicals and oxygen as well as soot surface condensation by PAH. This soot modeling approach has been successfully applied for the ECN n-heptane spray combustion conditions for soot predictions and has yielded good agreement compared to the experimental results. 29 The SpeedChem chemistry solver 30 was applied to improve computational efficiency.
In order to simulate constant-volume combustion vessel experiments, a two-dimensional axisymmetric grid featuring half of the combustion chamber was generated, as shown in Figure 1 . The injector location is marked with a (red) dot. The computational gird contains 12,436 cells with resolution of 0.9 mm in the radial direction for half of the computational domain and 1.8 mm for the rest of the domain.
Reaction mechanism formulation
In order to model oxidation processes and sooting behavior for the considered fuels, the reduced mechanisms for TPGME were developed and coupled with an existing reduced n-hexadecane and PAH mechanism. TPGME sub-mechanism. The base TPGME oxidation mechanism developed by Burke et al. consists of 552 species and 2712 reactions. The general reduction approach used in this study is similar to that by Patel et al. 31 and Brakora et al. 32 The main reduction steps were as follows: (a) elimination of unimportant species and reactions from the base detailed mechanism using the DRGEP method 33 to obtain new skeletal mechanisms; (b) identification of the essential species and reactions in the base mechanism by assessing the relative flux of each species using reaction path analysis, as embedded in the CHEMKIN-PRO software package; 34 (c) chemical lumping of isomers, which simplifies a mechanism by replacing isomeric species with lumped species for further reduction with comparison of ignition delays with reference data for validation, and (d) optimization of the reaction rate constant of key reactions within their ranges of uncertainty to better match experimental ignition delay times in the range of operating conditions of interest.
When applying the Directed Relation Graph with Error Propagation (DRGEP), it is important to find an appropriate set of tolerances to ensure that the reduced mechanisms achieve optimal trade-offs between accuracy and efficiency. For the DRGEP method, smaller tolerances result in a larger size of reduced mechanism. 35 In this study, the mechanism reduction process began with a set of smaller error tolerances that produced a larger size reduced mechanism and the results of this reduced mechanism were compared with the detailed mechanism for the targets of ignition delay and key species mole fractions such as TPGME and soot precursors. The process was then repeated for a larger error tolerance that generated a smaller mechanism, until the specified targets for the reduced mechanism were no longer met within acceptable error.
Once the detailed mechanism was reduced to the minimum acceptable size, the mechanism was reduced further by lumping the isomers of R, RO 2 , QOOH, O 2 QOOH and C 10 KET into a lumped species. One isomer was chosen to represent the thermodynamic properties of the lumped species. Rate constants for each major reaction pathway and lumped species in Figure 2 were assigned. Following the detailed TPGME mechanism, the rates of H-abstraction form TPGME by radicals such as OH, H and O were taken by analogy with those for 1-and 2-butanol from Sarathy et al., 36 except for sites involving a methyl group where Sarathy et al. 37 were used. For the low-temperature reactions of TPGME, the reaction rate constants were drawn from reaction rate rules in the butanol and alkane mechanisms of Sarathy et al. 36, 37 as done for the detailed model.
The major characteristics of the low-temperature pathways are described as follows. Peroxy radicals (RO 2 ) formed via addition of molecular oxygen to TPGME radicals (R) undergo isomerization by internal H-transfer to form a series of hydroperoxyalkyl radicals (QOOH). These species are unstable and break down by competitive routes: by reverse isomerization from QOOH to RO 2 , by cyclic ether and OH formation via cyclization of the diradical, by b or g scission to produce products such as alkene, carbonyl, OH and HO 2 , and by a second addition of an oxygen molecule to form hydroperoxyalkylperoxy radicals (O 2 QOOH). Then branching reactions continue to give ketohydroperoxide (C 10 ket) and further degenerate species. 15 The low-temperature reactions of the reduced TPGME mechanism and the assigned rate constants are listed in Table 3 .
n-hexadecane sub-mechanism. n-Hexadecane (nC16) was selected as the base fuel because TPGME and nC16 have similar derived cetane numbers (DCNs), but different oxygen content. 38 The reduced nC16 mechanism of Ra and Reitz 15 was incorporated with the reduced TPGME mechanism. This reduced nC16 mechanism was developed by reducing the LLNL detailed nC16 mechanism. 39 In all, 44 species and 239 reactions were extracted to be combined with the reduced TPGME mechanism, including 98 reactions in common with the TPGME mechanism.
PAH sub-mechanism. In order to model soot formation and oxidation, the reduced PAH mechanism, which contains 20 species and 139 reactions, as generated by Wang et al., 13 was combined with the TPGME-n-hexadecane mechanism. In order to model the major PAH growth pathways, the reduced mechanism considered the well-known hydrogen abstraction, acetylene addition (HACA) mechanism, hydrogen atom migration, free radical addition and reactions with aromatic radicals, 14 describing the PAH growth process from Figure 2 . Schematic of the low-temperature oxidation of TPGME. Table 3 . Main reactions and the assigned rate parameters of the reduced and lumped TPGME mechanism. Refer to Appendix 1 for naming conventions. Note that these are the rate constant values before an optimization described later in the article.
benzene (A1) to pyrene (A4). The different C 1 -C 6 compounds in the reduced PAH mechanism provide the necessary molecules and radicals for PAH molecule growth and for the H atom abstraction from hydrocarbons. The reduced PAH mechanism has also demonstrated that the concentration of small molecules and radicals, such as C 2 H 4 , C 2 H 2 and C 4 H 4 , plays a significant role in building the first single aromatic ring, and subsequently, larger PAH molecules, which are in good agreement with the experimental data.
40 TPGME-n-hexadecane-PAH mechanism. The final mechanism was generated by combining the TPGME, n-hexadecane and PAH sub-mechanisms and was used to investigate the effects of fuel oxygen content on combustion and soot formation. The final mechanism consists of 144 species and 730 reactions. Species and reactions of the mechanism are available in Supplementary Material.
Validation of TPGME-n-hexadecane-PAH mechanism
By combining the reduced TPGME, nC16 and PAH mechanisms without adjustment of reaction rate constants, a first version, called TPGME-nC16-PAH-V1, was generated and tested for ignition delay time predictions. Figure 3 shows comparisons of ignition delays between the detailed TPGME mechanism and the TPGME-nC16-PAH-V1 mechanism. The ignition delay time was calculated with the CHEMKIN-Pro software package 34 with a constant-volume, homogeneous batch reactor and was defined as the time when the temperature reached 400 K above from the initial temperature. The computation was performed at an initial pressure of 40 bar and equivalence ratios of j = 0.5, 1.0 and 2.0. The ignition delay times are seen to be slightly over-predicted by the TPGME-nC16-PAH-V1 mechanism, but are overall in good agreement with those of the detailed mechanism.
Further validation of the TPGME-nC16-PAH-V1 mechanism was attempted by simulating pure TPGME, nC16 and G50 spray combustion, and comparing with the G50 experimental conditions. In Figure 4 , predicted ignition delay times of TPGME, nC16 and G50 sprays in a constant-volume combustion vessel are compared with measured G50 spray ignition delay times. As can be seen, the over-prediction of the ignition delays of G50 is mainly attributed to the fact that the TPGME ignition delays are substantially longer than those of nC16.
Ra and Reitz 15 showed that the reactivity of a fuel indicated by its cetane number (CN) can be well represented by a relative reactivity index obtained from ignition delay times of stoichiometric homogenous fuel-air mixtures at initial conditions of 40 bar and 850 K. Considering the CN of TPGME (107), it is expected that ignition delay times of TPGME for 850 K initial temperature would be similar to that of nC16 and TPGME oxidation should exhibit strong negative temperature coefficient (NTC) behavior and short ignition delays at low temperatures. Therefore, the TPGMEnC16-PAH-V1 mechanism was modified such that its ignition delay times would show NTC behavior with temperature variation and is short enough to be comparable to those of nC16 at low and intermediate temperatures. The modification was done by adjusting the pre-exponential factors of the most sensitive reactions to result in the TPGME-nC16-PAH-V2 mechanism. The adjusted reactions and their reaction rate constants are shown in Table 4 . Figure 5 shows a comparison of ignition delay times of stoichiometric TPGME-air mixtures at 40 bar between the TPGME-nC16-PAH-V2 mechanism and the detailed TPGME mechanism. It is clearly seen that strong NTC behavior is predicted in the temperature range of 800-1000 K.
The performance of the TPGME-nC16-PAH-V2 mechanism was tested against shock tube test data of TPGME at high temperatures. Figure 6 shows comparisons of ignition delay predictions using the TPGME-nC16-PAH-V2 mechanism and shock tube experimental data with fixed 0.25 mole% TPGME for Figure 3 . Comparison of ignition delay time predictions of detailed TPGME and reduced TPGME mechanisms at 40 atm. Figure 4 . Comparisons of ignition delay in the CVCV between G50 experiments 16 and predictions of TPGME, nC16 and G50 using TPGME-nC16-PAH-V1 mechanisms.
temperatures in the range of 980-1545 K, at pressures of 10 and 20 atm, and at equivalence ratios of j = 0.5, 1.0 and 2.0 by varying oxygen mole%. The predicted ignition delays of TPGME using the TPGME-nC16-PAH-V2 mechanism are seen to agree well with the experimental data (Curran HJ and Burke U, private communication, 2014) for all tested conditions. However, for further validation of the present mechanism under low-temperature conditions, more experimental study is needed.
Very few nC16 experiments have been reported in the literature due to the difficulty in accurate preparation of a homogeneous charge because of the low volatility of nC16. Thus, further validation for the reduced mechanism was based on comparisons with the LLNL detailed mechanism. 39 Figure 7 shows the ignition Refer to Appendix 1 for naming conventions. Figure 5 . Comparisons of ignition delay between detailed TPGME mechanism and reduced mechanism with adjusted reaction rates shown in Table 4 . Figure 6 . Comparisons of ignition delay times for TPGME between shock tube data (symbols) and predicted with the TPGMEnC16-PAH-V2 mechanism (lines) as a function of inverse temperature at (a) P ini = 10 atm and (b) P ini = 20 atm.
delay prediction for nC16 using the TPGME-nC16-PAH-V2 mechanism at 13 bar with an equivalence ratio of unity. Since the ignition delays of C 8 -C 16 for the normal alkanes are relatively similar, 41 the experimental results from Pfahl et al. 42 were used to validate the present mechanism. It is seen that the ignition delay times by the present mechanism are slightly shorter than those by the LLNL mechanism over the entire temperature range. In particular, ignition delay times at low temperatures are better captured by the present mechanism, which is important in engine combustion simulations.
Results and discussion
Non-reacting sprays
Since fuel-air mixing and air entrainment downstream of the lift-off length affect soot processes in a fuel jet, 44 it is important to validate spray models against the experiments. Spray injection was simulated in a nonreacting environment under an initial composition of O 2 0%, N 2 89.71%, CO 2 6.52% and H 2 O 3.77% with Spray A conditions. 20 The vapor penetration was defined as the distance from the nozzle tip to that axial location where the fuel mixture fraction is 0.1%. Figure 8 shows comparisons of vapor penetration lengths between the experiment (Pickett LM, private communication, 2014) and prediction. As can be seen, the predicted vapor penetration from the simulation captures the experimental data well.
Constant-volume combustion vessel experiments
Spray combustion of the three fuel blends, G15, G33 and G50, was simulated using the TPGME-nC16-PAH-V2 mechanism. Figure 9 shows comparisons of ignition delays between the simulations and experiments for the conditions listed in Table 2 . The ignition delay time was defined as the time from the start of spray injection to the start of rapid temperature rise corresponding to the beginning of second-stage high temperature combustion, that is, higher than the first cool-flame levels. As expected, ignition delay times increase with decreasing ambient temperature. Compared to the performance of the TPGME-nC16-PAH-V1 mechanism (see Figure 4) , a remarkable improvement in the prediction performance was achieved by the TPGME-nC16-PAH-V2 mechanism, as shown in Figure 9 . The predicted ignition delay times of G50 sprays are in good agreement with the measured data, but the predictions show larger sensitivity of ignition delay to the variation in TPGME content than the measured data, especially at low temperatures.
The most upstream location of active heat release is referred to as the lift-off length. 45 In this study, a ''quasi-steady'' lift-off length was defined as the distance from the nozzle exit to the axial location closest to the nozzle that has an average OH mass fraction reaching 2% of its maximum in the computational domain at 3 ms after the start of injection. The quasisteady period is defined as the time immediately following the premixed-burn phase of combustion until the end of fuel injection. 46 During this period, the reacting Figure 7 . Ignition delay times for shock tube n-decane experiment 42 (symbol) and detailed n-hexadecane mechanism results 43 (dashed) and TPGME-nC16-PAH-V2 mechanism (solid) at P ini = 13 bar, j= 1. 16 and predictions with the TPGME-nC16-PAH-V2 mechanism.
jet structure near the lift-off length does not change significantly with time. Figure 10 shows comparisons of predicted and measured lift-off lengths for the same operating conditions as those considered in Figure 9 . It is seen that the lift-off lengths are well captured by the predictions, as well as their trends with temperature variation, that is, decreasing lift-off length with increasing ambient temperature. The limited effect of fuel oxygenation on the lift-off length is also well captured by the model prediction. The combustion and soot are affected by the ignition quality of the fuel through its effect on the lift-off length. As shown in Figures 9 and  10 , both the ignition delay timing and lift-off length decrease as the ambient temperature increases. Generally, fuels with shorter ignition delays are prone to have shorter lift-off lengths. These two parameters are closely related to the mixing process, and shorter ignition delays and lift-off lengths result in higher soot emission because of decreased mixing time.
Soot formation behavior is measured by the optical extinction thickness, KL.
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K is an extinction coefficient and L is the path length through the soot. The KL can be related to the soot volume fraction, f v , using the relationships based on small particle Mie theory
where Z N is the cross-stream position far outside of the jet, l is the laser wavelength (632.8 nm), a sa is the scattering-to-absorption ratio, and
, where m is the refractive index of soot. A value of (1 + a sa )E(m) = 0.26 was used to relate the soot volume fraction to KL. 47 The path length can be determined from the radial profile of soot at every axial location of interest in the fuel jet. However, this approach would be extremely timeconsuming to apply for all the conditions and axial locations to be considered. In this study, time-averaged soot volume fraction at a center of cross-stream position was used to derive the KL field. Figure 11 demonstrates comparisons of the KL for the different oxygenated fuels at an ambient temperature of 1200 K. It is seen that the simulations capture the soot formation region, while the peak soot regions are located slightly downstream of the injector tip compared to the experimental results. It is observed that the fuel-bound oxygen content has a noticeable impact on the total soot field. In the figure, the soot cloud size is seen to expand in size from a small region as the blending TPGME ratio decreases from 50% to 15%. The predicted soot formation for other initial ambient temperatures (not shown here) also agreed well with the experimental results.
It is well known that the residence time in fuel-rich regions is an important factor that affects soot formation, and that enhanced mixing with air in fuel-rich regions reduces the extent of rich regions as well as Figure 10 . Comparisons of lift-off length between experiments 16 and predictions by the TPGME-nC16-PAH-V2 mechanism. Figure 11 . Comparisons of measured 16 (left) and predicted (right) soot optical thickness (KL) for G13, G33 and G50 during the quasi-steady period of the jet flame. T amb = 1200 K, ambient density: 22.8 kg/m 3 , oxygen mole fraction: 15%, injection pressure: 150 MPa.
residence times in the rich regions, resulting in the reduced soot formed. 48 The size of rich regions is well represented by the iso-contour of stoichiometric mixtures in the mixture fraction domain. Figure 12 shows a comparison of stoichiometric mixture iso-contours for the G15 and G50 fuels at the 1200 K initial temperature condition. It is seen that the most oxygenated fuel, G50, displays the shortest axial distance from the injector tip and the narrowest radial region fuel jet contour. This indicates that the residence time in the rich region would be the shortest in the G50 case for a given spray momentum flux at the nozzle exit. Figure 13 shows soot volume fraction (ppm), local equivalence ratio, OH mole fraction and temperature (K) distribution at 3 ms for G15 at 1200 K. (The red dashed lines in the plots indicate the lift-off length.) Under diesel-like fuel jet conditions, the soot is formed in the fuel-rich premixed zone where the fuel-air equivalence ratio was measured to be in the range from 2 to 4; soot then grows in the center of the jet plume via surface growth and is oxidized in the diffusion flame as it moves downstream of the spray. 49 It is seen that the high-temperature regions correspond to the high OH radical concentration regions in the flame. The equivalence ratios in these regions are also lower than those upstream due to additional entrainment of air to oxidize the soot. 50 The key reaction pathways leading to the production of aromatic and polycyclic aromatic species are reactions leading to ring formation such as C 2 H 2 + C 2 H 2 = C 4 H 3 + H, C 2 H 2 + C 4 H 3 = C 6 H 4 + H and C 2 H 2 + C 4 H 5 = C 6 H 6 + H, in which C 2 H 2 plays an important role as an inception species. Further reactions with single-ring aromatics can then lead to the formation of polycyclic aromatic species. Figure 14 shows the predicted mole fraction evolution of C 2 H 2 and C 2 H 4 with respect to time for each oxygenated fuel at 1200 K initial ambient temperature. It is clearly seen that the soot precursors, acetylene and ethene, are reduced as the oxygenation ratio increases in the fuel blends. Figure 12 . Comparisons of stoichiometric mixture isocontours for G15 and G50 fuels at 1200 K ambient temperature. by the TPGME-nC16-PAH-V2 mechanism for G15 at 1200 K ambient temperature. Figure 15 shows soot mass predictions with respect to lift-off lengths of all tested fuel sprays. The nonoxygenated fuel (nC16) is predicted to generate the highest soot quantity at all ambient temperatures, and the predicted soot decreases as the blending with oxygenated fuel increases. Among the data points, four data point conditions were chosen for detailed comparison of their behavior, as listed in Table 5 . The lift-off lengths at points A and B (C and D) are similar to each other and the ambient temperatures are the same. Interestingly, the soot masses of points A and C are noticeably decreased compared to B and D, respectively, by adding 50% TPGME to the fuel. One observation from Figure 15 is that the oxygenate addition gives a similar percent reduction in soot, independent of the lift-off length. This indicates that oxygen can be more effectively delivered to the central region of the fuel jet by fuel oxygenation than by ambient oxygen entrainment, and thus soot reduction can be effectively achieved using oxygenated fuel blending, even under conditions giving short lift-off length (and correspondingly short mixing time and small air entrainment).
Contour plots of soot concentration as a function of equivalence ratio and temperature have been useful in the understanding of soot formation in engines. 48 Figure 16 shows distributions of soot volume fraction in the constant combustion vessel for the three oxygenated fuel blends tested at 1200 K as a function of equivalence ratio and temperature at 4 ms after start of injection. As can be seen, the increase in oxygen content in the fuel by mixing with TPGME causes the soot volume fraction boundary to reduce in size and to move toward lower equivalence ratio due to the existence of oxygen atoms in the oxygenated fuel molecule. Part of the effect of TPGME is that, as the equivalence ratio is reduced by TPGME, the radical pool changes in the hot products that consume the soot precursors and soot. That is, more OH and O appear at low equivalence ratios to consume soot and soot precursors. It is noteworthy that the high soot formation region of the fuels, depicted as the white dotted line, is drastically reduced as the fuel oxygenation ratio increases. Introducing additional molecular oxygen by blending with TPGME reduces soot precursor formation because oxygen atoms in the fuel sequester carbon atoms in TPGME by forming CO instead of soot precursor species. Thus, addition of oxygenates helps reaction pathways that advance the kinetic system toward final products and reduce the concentrations of those intermediates which lead to soot production. 10 In addition, as Kitamura et al. 51 reported, sooting characteristics are influenced not only by the fuel oxygen content but also by the fuel molecular structure due to differences in the small fuel fragments, and ethers tend to have lower sooting than esters even for oxygenated hydrocarbons. Westbrook et al. 10 also argued in their detailed chemical kinetics modeling study that the C-O bond survives the fuel-rich ignition event intact, so there is less carbon available for soot production. Thus, TPGME, which has both large oxygen content and ether-like structure, is a very effective oxygenated fuel to reduce soot precursor formation.
Conclusion
A reduced TPGME-n-hexadecane-PAH mechanism is proposed to model combustion and soot formation processes as a function of oxygen content obtained by blending different vol% of TPGME with n-hexadecane. The final mechanism, TPGME-nC16-PAH-V2, contains 144 species and 730 reactions. The reaction rates of selected reactions that affect the low-temperature chemistry of TPGME were adjusted to display strong NTC behavior and short ignition delays at low temperatures. However, further experimental work is needed to be able to further improve TPGME's lowtemperature chemistry. The proposed mechanism was validated with TPGME shock tube experimental measurements and the simulations show good agreement with the experimental results. Non-reacting G50 spray prediction was validated with ECN Spray A experimental data and the predicted vapor penetrations agree well with the experimental data. The proposed mechanism was validated with constant-volume combustion vessel experiments and the effects of various initial ambient temperatures and oxygen content in the fuel on ignition delay, lift-off length and soot formation were explored.
A higher ambient temperature produces shorter ignition delays and lift-off lengths that result in increasing soot formation due to insufficient mixing time and oxygen entrainment. The simulation results indicate that oxygen is more effectively delivered to the central regions of a fuel jet by fuel oxygenation, with a result that the residence time in soot-forming regions is reduced when more oxygenated fuel is introduced. In addition, the high soot volume fraction region starts to move toward lower equivalence ratios and relatively high ambient temperature regions, and therefore, soot formation decreases as the oxygen content in the fuel increases. The simulation results also show that soot precursors, such as acetylene and ethene, which are expected to proceed to form PAH species, are predicted to be lower as the oxygen content is increased by blending with TPGME.
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